Abstract A Monte Carlo simulation was used to determine the dependence between the thickness of the cuticle layer of coleoptiles and the spectra of the H ? ions (i.e., protons) passing through this layer, which is treated as a potential barrier. The apparently simplistic model of a walled cylinder filled with H ? ions propagating through the cuticle layer was solved in silico. We showed that the thickness of the cuticle layer clearly influences the intensity of the efflux of protons, which changes the pH of the surrounding solution. Then, diffusion and cross-correlation data for maize (Zea mays L.) coleoptile growth and H ? ion extrusion were probed in an experiment and compared with the Monte Carlo computation results. Ex vivo experiments for the control (APW), auxin (IAA) and fusicoccin (FC) were conducted. The transition from time-delayed pH-(abrasion time) cross-correlation to proton efflux that was not retarded was obtained, thus confirming the canvas that constitutes the acid growth hypothesis and the rationale that was accepted for the derivation of the 'equation of state' for plants.
Introduction Acid growth and plant development
The wall acidification model, which was proposed in 1971 by Hager-the spiritual father of the acid-growth concept- (Hager 2003 ) is based on experiments with shoots of grass seedlings (coleoptiles, which are leaf-like axial organs). The hypothesis has been evaluated by many scientists since then (e.g., Kutschera 1994 Kutschera , 2003 Lüthen et al. 1990 ) and is still a matter of debate (Cosgrove 2001 (Cosgrove , 2005 Lüthen 2015) . Plant growth also depends on biomechanics, wall structure and cell wall modification proteins (Braidwood et al. 2014; Bidhendi and Geitmann 2015) . Recently, a cross-correlation analysis of acid growth data (Pietruszka and Haduch-Sendecka 2016a) led us to initial conclusions concerning the potential role of the cuticle layer in growth medium acidification. These preliminary results turned out to be conjugated with the phenomenological equations put forward by Pietruszka (2017) . Indeed, the 'equation of state' and equation of evolution for the extending primary cell wall are in agreement with the results of the calculations for the cross-correlations (Pietruszka and Haduch 2016a, b) . In fact, these results formed a canvas for the 'state' (describing wall properties) and evolution equations. Nonetheless, it is clearly visible (ibid.) that pH/growth cross-correlations differ greatly depending on sample preparation. This means that the outcomes for abraded and non-abraded samples varied, among others, in the time delay of the H ? ions efflux. Therefore, the main purpose of this work was to establish the strict relations of pH-induced growth, parameterised by the cuticle layer potential barrier (by its thickness). An analysis of our recent data (ibid.) suggested a transition from a retarded to a quasi-immediate response of the system. The latter was confirmed in both the theoretical and experimental methods presented in this work.
Materials and methods

Model calculations
In this work, GEANT4 Monte Carlo software version 10.2.p01 with the GEANT4-DNA physical process libraries was used to determine the dependence between the thickness of the cuticle layer and the spectra of H ? ions passing through this layer. GEANT4 consists of a broad collection of C?? class libraries that users can use to build their own simulation program, which gives users unrestricted control over the simulation. The early versions of the software were dedicated to applications in high-energy physics. Recently, the range of GEANT4 applications was widened to the other branches of science. In particular, the GEANT4 Monte Carlo simulation toolkit has been extended with processes for modelling the interactions that are induced by ionising low-energy radiation at the molecular (DNA) level. These interaction models were implemented in the simulation program to calculate the above-mentioned dependence for H ? ions. These models make it possible to simulate protons such as H
? ions with a relatively low energy of 100 eV (see Supplementary Information for details). The simulations were carried out for three thicknesses of the cuticle layer -1, 0.5 and 0.1 lm. The scheme of the simulated geometry is presented in Fig. 1 . Two situations were considered. In the first approach, calculations were performed for an isotropic proton source. The position of the source was a random variable in the volume inside the cuticle layer. Such an approach makes it possible to obtain an isotropic distribution of the directions of the H ? ion hits in the barrier. In the second approach, the direction of the H ? ion propagation was changed so that it was perpendicular to the surface of the cuticle layer. The simulations were carried out using the Ubuntu 12.04 operating system in the computer cluster in the Department of Nuclear Physics and Its Applications in the Institute of Physics of the University of Silesia in Katowice (Poland). The calculations were run at 10 8 H
?
ions hitting the barrier per hour on a 3-GHz Pentium computer cluster.
Experimental procedure
Plant material
Experiments were done using 3-day-old seedlings of Zea mays L cv. Cosmo. Maize seeds were soaked in tap water for 2 h and then sown in moist lignin. The seedlings were grown in an incubator in darkness at 27 ± 0.5°C. Ten-mm segments were cut from the plants 5 mm below the tip and first leaf was removed. Depending on the experimental variant, the cuticle of the coleoptile segments was abraded or remained untouched (control). The average weight of the coleoptile segments before and after the experiment is presented in SI Table 1 (average increase by about 10% after 8 h).
Abrasion of the cuticle
The cuticle abrasion method was prepared partially based on the article by Lüthen et al. (1990) . About 0.9 g of tissue (i.e., 40-45 segments) was placed in a 150 ml beaker with a 30-ml incubation solution, artificial pond water, APW (0.1 mM NaCl, 0.1 mM CaCl 2 , 1 mM KCl with pH 6.5 adjusted with HCl or NaOH) containing 0.3 g of SiC powder (600 mesh). The beaker containing the coleoptiles and abrasive powder was mixed at a rate of 250 RPM in a magnetic stirrer. Scrubbing time depended on the Fig. 1 Scheme of the geometry of the simulated system experimental variant (SI Figure 1) . The segments of coleoptiles were washed with distilled water after abrasion and inserted into a measuring device. The variants differed in the duration of the abrasion time with the SiC powder on a magnetic stirrer (SI Figure 2A ): I-0 min (control), II-2 min, III-3 min, IV-5 min, V-6 min, VI-8 min and VII-10 min (largest abrasion).
Measurement of growth and acidification
Experiments were performed for three cases: for APW, indole-3-acetic acid, the biologically active form of auxin (IAA) at a concentration of 10 -4 M and fusicoccin (FC) at a concentration of 10 -6 M. In the latter two cases, the growth stimuli IAA and FC were introduced into the incubation medium after 2 h. Forty 10-mm-long coleoptile segments were prepared for each variant and then placed in two identical sets (20) of the elongation-measuring apparatus ( Fig. 2 and SI Figure 2B ) in an aerated incubation medium. The volume of the incubation medium in the apparatus was 6 ml per glass tube (0.3 ml of the incubation medium per segment). Measurements of the growth and pH were performed for 8 h. The pH measurement was carried out using two CPI-501 pH-meters (separately for each tube). The temperature during the experiment was 25 ± 0.5°C and was maintained using a water bath at a similar level. All manipulations were performed under dim green light. The shadow-graph method was used with an 9 18 magnification. The optical system that was used for the growth measurements permitted the longitudinal extension of a stack of 20 segments to be recorded simultaneously. Changes in elongation [lm] were expressed as the differences between the length of the coleoptile segments at a given time during the experiment and their initial length. Only one of the two tests in separate tubes was selected for analysis. Growth and pH were recorded every 15 min. Segment elongation at a magnification of 9 18 was recorded on a millimetre scale with an accuracy of ± 0.5 mm. The method for measuring the elongation growth of the segments of maize was used, e.g., by Pietruszka and Lewicka (2007) . Scanning electron microscopy (SEM)-sample preparation 
Staining with Evans blue and neutral red
To show the impact of abrasion 0.5% Evans blue water solution, which stains the dead cells, was applied. The staining was needed as the stirrer might mechanically impact the segments or even damage. This kind of staining, in general, also allows to critically optimize all parameters (abrasion time, SiC particle size, SiC concentration, vessel geometry, stirrer speed, etc.).
To demonstrate the efficiency of the abrasion method, neutral red 1 g/l with acetic acid 2 ml/l in water was applied. It shows how many cells are actually opened to the external solution and how homogeneous the action of the SiC on the surface is.
Cross-correlation analysis
In signal processing, cross-correlation is a measure of the similarity of two waveforms as a function of a time lag that is applied to one of them. This is also known as a sliding dot product or sliding inner product. For continuous functions f and g, the cross-correlation is defined in Eq. (1) by the integral ðf Ã gÞðsÞ
where f* denotes the complex conjugate of f and s is the time lag (here f* and f are equal). Note that the crosscorrelation is maximum at a lag that is equal to the time delay.
Relative elongation growth formula
For growth analysis, we used the experimental data for the double-exponent growth functional (Pietruszka 2012) , Eq. (2), which was elaborated for practical use in Zajdel et al. (2016) for the relative (volumetric) growth rate
where A, B, C and D are positively defined coefficients that are constant in time. The coefficients C = C(T) and D = D(T) are, in principle, temperature (T) dependent (in our case we put T = const.); C denotes the amplitude, while D-the diffusion rate. A particular time t = t e stands for the inflection point (corresponding to the maximum in the growth rate) of the sigmoid-like growth curve and V 0 = V(t = 0) is the initial volume. In the present analysis, the effective diffusion rate, which involves net ions transport to the wall, was our main interest since it can be directly inferred from the fits. Its value, which depends on dimensionality such as [D] = 1/s, can be compared between different experimental conditions. Note that the coefficient D (diffusion rate) should not be confused with the diffusion constant D that enters the Fick's 1st law.
Results
Monte Carlo simulation
The spectra of the H ? ions passing through the cuticle barrier at a density of 0.1 g/cm 3 were calculated (Figs. 3, 4). The events were registered in 10 eV energy bins, which made it possible to obtain a satisfactory resolution. The total number of H ? ions shot at the barrier to derive one spectrum with statistical fluctuations less than 0.5% was 10 9 (one standard deviation level). In each spectrum, two components were visible. The low-energy component predominated for the 0.1 lm thick cuticle layer, whereas the higherenergy one was dominant for the two other thicknesses of the barrier that were considered (Fig. 4) .
The simulations that were performed for the isotropic source and the mono-directional one indicated that the direction of the H ? ion before hitting the barrier does not influence the shape of the spectrum (Fig. 3) .
A strong fall off of the number of H ? ions passing through the barrier was visible in the wax layer thicknesses from 0.1 lm to 0.3 lm (Fig. 5 ). The intensity of the H ? ions was almost constant for the thicker barriers. A cuticle layer of 1.2 lm, comparable to the thickness of cell wall, was needed to stop all of the H ? ions. H ? ions primarily lose their energy through a multiple scattering process. In this electromagnetic interaction, the H ? ions interact with the nuclei of the matter as well as with the electrons of the atoms. Depending on the number of single acts of the scattering processes, the protons can lose different amounts of energy inside the statistical fluctuations. The low-energy component of the obtained spectra corresponded to a larger number of scattering acts. The spatial structure of the simulated system in terms of the distance covered by a H ? ion in the cuticle barrier is presented schematically in Fig. 6 .
Cuticle abrasion experiment
Simultaneous measurements of elongation growth and pH ( Fig. 2 ) in control conditions (APW) and for IAA and FC on Zea mays L. (maize) segments were performed for all seven variants (SI Figure 1) at 25 ± 0.5°C.
The time cross-sections of pH measured as a function of the cuticle layer thickness for APW (IAA, FC) are presented in Figs. 7, 8 and 9, respectively. After the first 2 h of the experiment, a linear decrease of pH along with the abrasion time was noticeable in all cases (variants). Interestingly, the linear slope and intercept values changed Fig. 3 Comparison of the calculated spectra of H ? ions passing through the cuticle barrier for the isotropic source and the mono-directional ion source. The calculations were performed for H ? ions with the initial energy of 100 eV for the 0.1-lm-thick barrier smoothly (SI Table 2 Figure 8 , respectively) the second-order correlation (Chart I) for variant I was the strongest. Also, there were noticeable differences in the strength of this correlation for APW, IAA and FC cases. The weakest secondorder cross-correlation was observed for APW-1.17 units, the middle value of 2.78 units for IAA and the highest value of 3.25 units for FC. This is in agreement with the well-known fact that plant hormones affect growth, here reflected by the time delay-pH/growth correlation strength (SI Figure 7 and SI Figure 8 , Chart I).
Eventually, the relative elongation, Eq. (2), which was calculated from the experimental data points using Fitexex software (Zajdel et al. 2016) , is presented in SI Figure The SEM images of abraded and non-abraded fragments of coleoptiles of 9 50 and 9 1000 magnification are presented in Figs. 10 and 11 , respectively. The effect of Evans blue is presented in Fig. 12 , while the effect of neutral red is shown in Fig. 13 .
The data flow chart is presented in SI Diagram 1 in order to assist the reader. Table 2 and SI Figure 4 . The pH control value is specified in the charts This work deals with the effect of cuticle abrasion on growth and medium acidification for coleoptiles of maize. The correct way of abrasion has been an important issue in the discussion on the acid growth theory (Kutschera and Schopfer (1985) on one side, Cleland (1987 Cleland ( , 1991 , Hager (1991) , Lüthen (1990) , Peters et al. (1998) and others on the opposite side). Proper abrasion is needed to reduce the diffusion barrier imposed by cuticle and, therefore, an important experimental technique.
Research was carried out on abraded coleoptile segments because much of the literature reports on the examination of the cuticle barrier has been conducted using this method (Evans and Vesper 1980; Lüthen et al. 1990; Peters et al. 1992 ). In Figs. 7, 8 and 9, for all of the examined cases (APW, IAA, FC), the first 2 h of the experiment were the periods of acclimatisation after stress was induced in the tissue segments excised from the plant. These 2 h of preincubation time have also been observed by many researchers, e.g., in the article by Zajdel et al. (2016) where the growth was small or even negligible at this time point. In the remaining duration of the experiment, between 3 and 8 h, the elongation of coleoptiles occurred along with the simultaneous acidification of the incubation medium. As an aside, we noted that a more intense cuticle abrasion (variants II-VII) caused a faster decrease in pH in the incubation medium. An analysis of pH between variants I-VII showed a linear decrease (Figs. 7, 8 and 9; (3) (4) (5) (6) (7) (8) . There was a clear discrepancy (difference) between the abraded coleoptiles and the intact ones. As was already shown by Lüthen et al. (1990) , abraded coleoptiles are far more sensitive to the effect of external pH than undamaged ones. Therefore, as was observed in our research, the greater the degree of cuticle abrasion, the larger the decrease in pH. Differences are also visible between the experiments with IAA and FC. In the paper by Lüthen et al. (1990) , the decrease in pH in the presence of FC is more pronounced than that for IAA, which was also evident in our experiments (Figs. 8, 9 ). The differences in the decrease in pH for different variants is presented in SI Figure 3 , SI Figure 4 and SI Figure 5 , which presents the graphs for the intercept a (upper plots), whereas the graphs that show the slope b (angle of inclination) reveal the rate of pH decrease (lower plots), where this rate increased in time. Furthermore, a cross-correlation between intercept a and slope b shows a very high dependence between them. A similar cross-correlation between the growth rate and proton efflux rate was presented in the paper by Pietruszka and Haduch-Sendecka (2016a) .
The cross-correlation for all of the variants (I-VII) in IAA and FC cases was much stronger (SI Figure 7 , SI Figure 8 ) compared to all of the variants in the APW, which was almost halved (SI Figure 6) . In Chart H in SI Figure 6 , SI Figure 7 and SI Figure 8 , the time delay is presented for all of the variants and cases of APW and IAA in which the cuticle abrasion time delay increases at the beginning and then begins to decrease. In the case of FC, it is almost at the same level with the exception of one variant of cuticle abrasion (variant VIII) for which a local decrease occurred. The second order cross-correlation for the time delay and the pH/growth cross-correlation strength in all of the cases formed a triangle (Chart I in SI Figure 6 , SI Figure 7 and SI Figure 8 ). The weakest correlation occurred for APW, while it was much stronger for IAA and strongest for FC. This important result can be compared with the outcomes of Pietruszka and Haduch-Sendecka (2016a) .
It is interesting that after the addition of growth factors (IAA or FC) in the second hour of the experiment, there was a steep decrease in pH (SI Figure 16 and SI Figure 17-a grey rectangle) in all of the variants of abrasion (I-VII). A similar decrease that occurs after the addition of IAA and FC is well known in the literature (Cleland 2010) .
The multi-chart diagrams (SI Figure 9 , SI Figure 10 and SI Figure 11 ) for APW, IAA and FC show a common share of nonlinear and linear part to reproduce the net (relative) elongation data using growth functional given by Eq. (1). The linear and nonlinear contributions can be interpreted in terms of H ? diffusion and cell wall synthesis (Pietruszka 2017) , respectively. The incubation time s in different conditions is presented in Chart H, which differs greatly in the considered cases. What also draws our attention is a noticeable minimum in the diffusion rate for APW (SI Figure 12) , a local maximum for IAA case (SI Figure 13 ) and the linear dependence for FC (SI Figure 14) , as a function of the abrasion time.
Besides, in the case of APW (Chart H in SI Figure 9 ), the incubation time s extended along with the cuticle abrasion (for variant IV corresponding to 5 min). This could be due to the additional stress caused by the abrasion procedure or even by a small amount of cuticle abrasion. Starting at variant V, the incubation time s was reduced, which could have been caused by a more intense cuticle abrasion, thus implying a greater flow of substances between the external environment and the tissue. This resulted in a faster response of growing plants and a shorter incubation time s, which was observed in the subsequent variants.
Interestingly, for the implementation of IAA, the incubation time s was about 2 h (Chart H in SI Figure 10 ) for all of the variants of abrasion (time s did not depend on the cuticle abrasion). Auxin is a plant hormone that naturally occurs in plant cells and, as it turned out, the plant response to auxin took place at approximately the same time s. Furthermore, it would appear that the presence of the outer epidermal cells is not essential for auxin effect as was confirmed by Peters et al. (1992) , who stated that ''Auxininduced H ? -pump stimulation does not depend on the presence of epidermal cells in corn coleoptiles''. Hence, it can be deduced that the absence/presence of a cuticle is even less important in this (IAA) case.
The action of FC showed yet another time s dependence on the abrasion of the cuticle. The longer the cuticle abrasion time, the more reduced the incubation time s (Chart H in SI Figure 11 ). This may be due to the fact that the removal of the cuticle could have caused easier access of FC to the cells and, consequently, a faster response of plant growth.
It is known from the literature that the mechanisms of action of IAA and FC differ significantly: IAA combines with H
? -ATPase and activates it reversibly (cf. also SI Figure 13 ), while FC combines with H ? -ATPase and activates it irreversibly (SI Figure 14) . However, these complicated mechanisms are beyond the scope of this work and, therefore, we will avoid describing them in detail. In brief, it is accepted that protein ABP1 (Auxin Binding Protein 1) and TIR1/AFB (Transport Inhibitor Response 1/Auxin Fbox protein) are auxin's receptors (Lüthen 2015) . The direct action of a receptor with the channel H ? -ATPase is assumed because ABP 57 interacts directly with the proton pump and does not require a docking protein (Yong et al. 2001 ). In the case of protein TIR1, auxin is directly connected to the SCF TIR1 . Protein TIR1 is part of the ubiquitin ligase (E3 enzyme) type SCF (SKP1-Cullin-F-box). On the other hand, the function of the fusicoccin receptor in plant cells is accomplished by the complex that is formed by the C terminus of the H ? -ATPase and the dimer of 14-3-3 protein (Olivari et al. 1998) . Fusicoccin attachment to the complex causes an irreversible H ? -ATPase activation because FC, jointly with the 14-3-3 protein, effectively blocks the access of phosphatases to phosphorylated threonine (Olsson et al. 1998) . Fusicoccin is a highly effective activator of plasma membrane H ? -ATPase. During phytotoxic-induced growth, a strong acidification of the incubation environment occurs due to the protons being pumped out of the cell (Higgins et al. 2007) .
Although the mechanisms of action of IAA and FC differ, the final effect is similar (proton extrusion). In our research, we observed a cross-correlation between the time delay and the strength of the pH/growth cross-correlation (SI Figure 7 and SI Figure 8 -Chart I), which was in the shape of a (autocorrelation) triangle for both cases (Pietruszka and Haduch-Sendecka 2016a) . Interestingly, different results were also obtained for the coefficients C and D, which are presented in SI Figure 13 and SI Figure 14 , which show a maximum of diffusion rate at 2 min abrasion for IAA and the linear increase of diffusion for FC.
In the above context, it is also appealing to compare the amplitude C and diffusion rate D that are presented in Pietruszka and Haduch-Sendecka (2016a) , where both coefficients are plotted as a function of temperature. Indeed, a direct comparison suggests that the cuticle (thickness) constitutes a potential barrier for H ? ions (SI Figure 12 , SI Figure 13 and SI Figure 14) that is similar to the action of temperature at physiological range. Penetration of the cuticle barrier by protons increases with temperature or abrasion time, as it can be intuitively expected.
Diffusion resistance of cuticle is different for dissimilar species. It depends on the structure, density and number of cutin layers and waxes present in the outer walls of the epidermis, and also on the thickness of the cuticle. Leaves of plants adapted to live in dry air and dry soil tend to have thicker layers of cuticle and waxes than leaves of plants growing in high humidity conditions. Therefore, an important issue in the discussion on the acid growth theory has been the correct way of cuticle abrasion. In the discussion in the 1990s there were two opposed camps, and there were also several methods for cuticle abrasion of the coleoptiles. On the one side, Kutschera and Schopfer (1985) abraded coleoptiles with wet emery cloth or peeled the samples. On the opposite side, Cleland (1987 Cleland ( , 1991 abraded the sample with emery powder or peeled with fine jewellers forceps, respectively, Hager (1991) abraded coleoptiles between thumb and forefinger with the SiC paste, Lüthen (1990) abraded the samples with SiC powder, and Peters et al. (1998) pulled coleoptiles through loops of fine emery cloth. As it was stated before, proper abrasion is needed to reduce the diffusion barrier imposed by the cuticle and therefore it is an important experimental technique. For this reason, bearing in mind the existing methods of abrasion of the cuticle, a new method has been developed in the article. In our experiment, it turned out that the method produced only single cells that were damaged (Figs. 12, 13 ).
Theory
In this work, the GEANT4 Monte Carlo simulation toolkit with the GEANT4-DNA module that is dedicated to modelling the interactions that are induced by ionising radiation on the DNA damage was used. The implemented models of the physical processes make it possible to perform simulation in the liquid water and other biological materials. Calculations of the ion transport can be simulated in thin layers within the applied models. The literature data indicate that the GEANT4-DNA module has been used for microdosimetry simulations (Chauvie et al. 2007) , for simulations of Auger electron emission from nanometer-sized gold targets (Incerti et al. 2016) , in computational radiation biophysics (Kuncic 2015) , for proton transport in water and DNA components (Champion et al. 2013 ) and several others. The application of this software to the calculation of the transport of H ? ions through the cuticle layer, which is treated as a potential barrier, is quite innovative. Moreover, it is a new approach that was used for the considered problem.
The software that was used offers the possibility to do simulations of hydrogen interactions with the nuclei as well as with the electrons of single atoms of a biological medium in an energy range with a relatively low energy threshold below which the incident ions are stopped and the kinetic energy is deposited locally. The minimum initial energy of H ? ions is equal to 100 eV. However, the hydrogen ion energy after interactions can be much less. This energy depends on the physical process that is used. In the case of the atom ionisation, the simulation continues until the H ? ions are stopped when the G4DNARuddIon-isationModel class or its extended version is applied. Electronic excitations using the G4DNAMillerGreenExci-tationModel class have an energy threshold of 10 eV, whereas nuclear elastic scattering can be simulated to 100 eV.
In the presented work the movement of H ? ions through the cuticle layer was simulated. In the simulations the directions and energy of the H ? ions reaching the cuticle were estimated according to the Monte Carlo method. This way the transport of the H ? ions through the cuticle layer was realized for the case without IAA and FC. In the simulation the diffusion mechanism was reconstructed by a set of the primary energy and the direction of a movement of H ? ions according to the Monte Carlo method. However, the movement of a H ? -ion across the apoplast strongly differs from simple diffusion, as H ? -ions are charged and they interact with charges in the cell wall, which is a large ion exchanger. The number of charges will depend on the pH in the apoplast Sentenac 1981, 1991 ) and thus will differ in the cases of APW, IAA and FC. Obviously, the model is only a first approximation of the movement of protons across the apoplast.
The used software does not permit simulations of H ? ion interactions with whole molecules of a medium. Perhaps, the next versions of the GEANT4 code will provide such possibilities as well as permit the simulations to be started from a lower energy of H ? ions. In spite of these facts, the obtained results indicate that there is quite a good agreement between the simulations and the data from the experiment that was performed. The linear decrease in pH with the abrasion time (variants) that is shown in Figs. 7, 8 and 9 corresponds to the dependence that was determined based on the numerical Monte Carlo simulations that are presented in Fig. 5 . What is more, the spectra of H ? ions passing through the cuticle barrier, which are presented in Fig. 4 , have two clear peaks. The interpretation of this fact can be that these peaks may be related to the two maxima that are visible in the dependence of the growth amplitude coefficient (C) and diffusion rate D, versus the abrasion time that is presented in SI Figure 12 , SI Figure 13 and SI Figure 14 .
Thus, the software that was used makes it possible to obtain reliable results. Therefore, it is worth monitoring the progress of the GEANT4 simulation toolkit.
Conclusions
In the past 400 years, physics has achieved great success in both theory and experimentation for determining the fundamental structure of matter and energy. The next great step in the evolution of science will be exploring theoretical constructs in order to yield specific predictions in biology, in particular, plant physiology. Here, we propose that questions about plant physiology can be approached from a method that is well established in physics, the Monte Carlo simulation. This method would allow us to develop a quantitative approach to H ? ions penetrating micrometer-thin cuticle layer and to compare it with experimental results. By following the chain of argument, we also considered the possibility that (based on our own experiment) the estimated diffusion rates of H ? ions can be related to the Monte Carlo predictions concerning H ? ions spectra. We also formulated the possible relationship between the environmental temperature and the thickness of the cuticle layer in the context of the kinetics of H ? ions. This can potentially be of interest in the perspective of a study by Jung et al. (2016) , where researchers describe a major thermosensory role of phytochromes (red light receptors) during the night.
What we propose in this paper is a natural and straightforward extension of the usual growth experiments to quantitative measurements of different experimental variants and growth conditions (APW, IAA and FC). However, a framework that integrated data from multiple disciplines could help us develop a broader context to plant cell extension growth than what is possible from a single field alone.
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